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    Postsynaptic enrichment of muscle acetylcholine receptors (AChRs) is 
crucial for the development of neuromuscular junctions (NMJs). However, 
pre-patterned AChR clusters can form in pure muscle cultures and undergo a 
very similar topological transformation as the postsynaptic machinery at NMJ, 
which challenges the prevalent view that neural factors induce postsynaptic 
differentiation. To better understand the role of aneural AChR clusters in the 
maturation of neuromuscular synapses, we co-cultured Xenopus neurons with 
muscles that lacked aneural AChR clusters. We found that these synapses 
were incapable to generate stable synaptic AChR clustering. We also made 
use of photobleaching technique to support the hypothesis that both 
spontaneously formed diffused and clustered AChRs are recruited to the sites 
of nerve-muscle contacts. Thus, normal postsynaptic apparatus is required for 
synapse development and function. 
    Previous studies showed that podosomes, actin-rich adhesive structures, 
mediate the remodeling process of aneural AChR clusters by degrading the 
extracellular matrix (ECM). To further investigate molecular mechanisms of 
postsynaptic maturation, we utilized polydimethylsiloxane (PDMS) 
micro-contact printing to test the localization of aneural AChR clusters on 
micro-patterned ECM substrates. We found that aneural AChR clusters are 
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spatially correlated with the micro-patterns of integrin-binding ECM. In 
addition, we also tested synaptic AChR clustering on these micro-patterned 
substrates. Most nerve-induced AChR patterns were detected at nerve-muscle 
contacts formed inside micro-patterns. These results revealed a critical role of 
ECM in developing topological complexity in postsynaptic cells and forming 
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    The specialized junction between two neurons was first referred to as 
“synapses” by the great English neurophysiologist Sir Charles Scott 
Sherrington. The term “synapse” is derived from the Greek work “synaptein”, 
which means “conjunction”. Nowadays, in nervous system, synapses are 
defined as a fundamental unit for efficient intracellular communication which 
form between two neurons or between a neuron and other types of cell, such 
as a muscle cell. There are two distinct types of synapses: electrical and 
chemical. At electrical synapses, the membranes of the two communicating 
neurons come extremely close within about 3.5 nm, which is much narrower 
than the 20-40 nm distance between cells at chemical synapses. Electrical 
synapses enable a rapid transfer of nerve impulses via the electrical current 
passing directly through the gap junction from one neuron to another 
(Hormuzdi et al., 2004). At chemical synapses, on the other hand, neurons 
release chemical messengers, named neurotransmitters, to transmit positive or 
negative signals to neuronal or non-neuronal cells (Purves et al., 2008). 
Chemical synapses are more widespread than electrical synapses in the 
mammalian brain and they facilitate a broad range of biological functions 
ranging from muscle contraction to memories storage (Kandel, 2001). In 
addition, the formation and modification of chemical synaptic connections are 
the bases for all major functions of mature nervous system. Therefore, a series 
of studies on the formation and function of chemical synapse were carried out 
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and acetylcholine (ACh) was identified as the first neurotransmitter at 
vertebrate NMJs by Sir Henry Dale and Otto Loewi (Dale et al., 1968). The 
NMJ is a chemical synapse in the peripheral nervous system (PNS) formed 
between a motor axon terminal and a muscle fiber, which, compared to the 
small size of synapses in the central nervous system (CNS), offers a 
preeminent model for studying synapses due to its size, simplicity and 
accessibility. In spite of the differences between NMJs and CNS neuronal 
synapses, they share many principles and mechanisms in common. The NMJs 
have not only provided theoretical foundation for the study of CNS synapse 
(Hall and Sanes, 1993; Sanes and Lichtman, 2001), but also disclosed myriad 
features of synapses, such as the discovery of ACh and AChRs (Dale et al., 
1968; Duclert and Changeux, 1995). In my thesis research, the NMJ was used 
as the model synapse to investigate the function and formation of aneural 
AChR clusters in postsynaptic cells. 
 
1.1 The Neuromuscular Junction 
    The NMJ is made up of three basic components: a presynaptic motor 
axon terminal, a postsynaptic muscle membrane and a non-myelinating 
“terminal” Schwann cell (Fig 1). These synaptic elements and synaptic cleft 
ensheathed by basal lamina are specially assembled during development, 
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which is an optimal physiological connection for an efficient and reliable 
neurotransmission throughout life. During early embryonic stages, neuron and 
muscle go through self-differentiation before they meet each other at the 
synapse. Muscle fibers are formed from the fusion of developmental 
myoblasts, which is divided from myogenic cells migrating from mesodermal 
layer of vertebrate embryos, into multinucleated myotubes (Brand-Saberi et 
al., 1996; Ontell et al., 1995). On the other hand, motoneurons arise from the 
ventral portion of neural tube, which are divided from ectoderm cells (Leber et 
al., 1990). When myelinated axons extend and approach the central region of 
muscle fiber, the axonal terminal loses its myelin sheath and differentiates 
from growth cone into a presynaptic terminal (Fox, 2009). The presynaptic 
axonal terminal is highly specialized for the release of neurotransmitters. 
Meanwhile, the postsynaptic muscle membrane is differentiated in parallel for 
the fast detection of these neurotransmitters. This, thus, leads to membrane 
depolarization and triggers muscular contraction.  
1.1.1 Presynaptic Nerve Terminal 
The hallmark of motor axon terminals is the clustering of synaptic 
vesicles (SVs) containing neurotransmitters, such as ACh, at the 
muscle-facing side. When action potentials arrive at nerve terminals, SVs 
rapidly fuse with presynaptic membranes at “active zones” due to the influx of 
calcium through voltage-gated calcium channels and in turn release Ach into 
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the synaptic clefts (Calakos and Scheller, 1996; Rizzoli and Betz, 2005). 
Moreover, as the cell body of nerve terminals is located in the ventral horn of 
the spinal cord or in the brainstem, the long distances that motor axons run 
from CNS to muscles in PNS would not allow a rapid replenishment of newly 
synthesized materials during continuous synaptic activity. It may even take 
hours to transport cargos from the cell body to the synaptic sites via the fast 
microtubule-based trafficking. To deal with these problems, the released SVs 
can be recycled through endocytosis and be refilled locally with 
neurotransmitters for a constant supply of SVs (Murthy and Camilli, 2003; 
Sudhof, 2004).          
    Mitochondria (MTs) also lie at presynaptic terminals but in the region 
away from the active zone which provide energy for the neurotransmitters 
synthesis and release and contribute to the mobilization of SVs reserve pools 
(Ly and Verstreken, 2006; Verstreken et al., 2005). Recent work also indicates 
that MTs also provide ATP for presynaptic F-actin assembly during the 
development of NMJs (Lee and Peng, 2008). Besides SVs, peptide 
neurotransmitters are also secreted from nerve terminals during tetanic 
stimulation via large dense-core vesicles which are not specifically 
accumulated in presynaptic plasma membranes (Navone et al., 1989).  
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1.1.2 Postsynaptic Differentiation 
Morphological and molecular alterations take place in the postsynaptic 
membranes to cope with the presynaptic differentiation at the nerve-contacted 
areas. Opposite to nerve terminals, the muscle membranes recess to form a 
series of 1-µm-deep membrane invaginations on account of the innervation, 
which greatly increase the surface areas of postsynaptic sides. AChRs are 
present at the crests and upper sides of the folds, whereas voltage-gated 
sodium channels are located at the bottom of the folds (Fig.1) (Flucher and 
Daniels, 1989).  
On the postsynaptic sides, the most prominent feature of the highly 
specialized postsynaptic membranes is the densely clustered AChRs (Heuser 
and Salpeter, 1979). AChRs are ligand-gated cation channels that mediate the 
transduction of chemical signals into electrical signals, known as 
depolarization. The binding of Ach to AChRs results in the opening of ion 
channels, allowing ions such as sodium, calcium and potassium to pass down 
their chemical concentration gradients. This subsequently gives rise to the 
membrane depolarization and thus trigger the action potential that propagates 
along postsynaptic membranes to initiate muscle contraction. AChR is a 
pentameric integral membrane protein, including 2 α-subunits, a β-subunit, a 
δ-subunit and an ε-subunit in adults or a γ-subunit in embryonic muscle. To 
specialize for the rapid and effective synaptic transmission, the density of 
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AChRs within synaptic membranes can reach up to ~10,000/µm2, which is 
1,000 fold higher than in extrasynaptic regions, as revealed by electron 
microscopic studies (Fertuck and Salpeter, 1976; Salpeter and Loring, 1985). 
Thanks to the discovery of α-bungarotoxin from the snake venom, which 
binds specifically to AChRs, the imaging studies of AChRs have achieved a 
significant breakthrough (Berg et al., 1972).  
1.1.3 Terminal Schwann cells 
    The Schwann Cell is the third cell type at the NMJs, which is the glial 
cell of PNS. Two types of these cells were found surrounded the NMJs: the 
general myelinating Schwann cells and the non-myelinating Schwann cells. 
The myelinating Schwann cells form myelin sheath by wrapping around 
pre-terminal axons of motor and sensory neurons for the purpose of 
conducting nerve impulses rapidly. By contrast, the terminal Schwann cells 
cap the unmyelinated axon ending where it becomes the nerve terminal and 
spate active zones with their multiple fingers (Fig. 1). In addition to providing 
insulation and protection, terminal Schwann cells synthesize and secrete the 
proteins N-CAM and S-100 as well, which modulate neuronal survival and 
growth. Taken together, Schwann cells are thought to play an active role in 
synaptic function, maintenance and development (Feng and Ko, 2007; Mirsky 
and Jessen, 1996; Sanes and Lichtman, 1999). 
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1.1.4 Synaptic Basal Lamina 
    The ~30 nm synaptic cleft between the nerve and muscle membranes at 
NMJs is ensheathed by the synaptic basal lamina which extends into the 
junctional folds (Fig. 1). The synaptic basal lamina, an adhesive matrix, is a 
continuation of extrasynaptic basal lamina in structure and contains basic 
ECM molecules such as laminin, type IV collagen, perlecan and entactin. The 
synaptic basal lamina is molecularly distinct from the extrasynaptic region in 
the presence of unique isoforms. For example, the laminin in synaptic basal 
lamina is primarily comprised of β2 chain rather than β1 chain in 
extrasynaptic one (Patton, 2003; Sanes et al., 1990). Besides, the synaptic 
basal lamina also contains neural agrin (Magill-Solc and McMahan, 1990; 
Smith et al., 1987), one of heparan-sulfate proteoglycans (HSPGs) that 
activates muscle-specific tyrosine kinase (MuSK) to trigger the accumulation 
of synaptic AChRs (Kummer et al., 2006; Madhavan and Peng, 2005; Sanes 
and Lichtman, 2001) and acetylcholinesterase (AChE), one of enzymes that 
resolves Ach to cease neurotransmission (Krejci et al., 1997; McMahan et al., 
1978). Therefore, the synaptic basal lamina serves as an additional mean for 
the signal exchange between synaptic apparatus.
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Fig. 1 Structure of NMJ 
    The NMJ is composed of three cell types: motoneuron, muscle fiber and 
terminal Schwann cell. The presynaptic nerve terminal is filled with synaptic 
vesicles (SVs) and mitochondria (MC). SVs are concentrated under the active 
zones (AZs) where neurotransmitters are released; MC are enriched in the 
terminal away from AZs. At the postsynaptic site, muscle membrane forms 
deep junctional folds (blue). AChRs (red) are docked at crests of synaptic 
folds, whereas voltage-gated sodium channels (green) lie at the troughs. The 
synaptic cleft, separating the presynaptic terminal from the postsynaptic 
muscle surface, is filled with basal lamina (yellow). Terminal Schwann cell 
caps the entire terminal to ensure the correct neurotransmission and signal 
transduction. (The figure is adapted from Huges et al., 2006) 
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1.2 Development of the Vertebrate NMJ 
The development of NMJs follows a “come together” of motoneurons 
and muscle fibers during early embryonic stages. When motoneuron reaches 
its target muscle, the growth cone of axon is converted into presynaptic 
terminal and neurotransmission commences with the concentration of 
high-density AChR clusters on the postsynaptic areas. 
Before the innervation takes place, AChR clusters can spontaneously 
form on embryonic myotubes both in vitro and in vivo, which is often called 
“hot spots” (Lin et al., 2001) (Yang et al., 2001). Once the moto axon 
approaches its target muscle cell, nerve terminal releases agrin into the basal 
lamina of the synaptic cleft. Agrin binds to its co-receptor, low density 
lipoprotein receptor-related protein 4 (LRP4), on the muscle membrane, which 
initiates the activation of MuSK, which is selectively expressed by muscle 
cells (DeChiara et al., 1996; Glass et al., 1996; Kim et al., 2008; Zhang et al., 
2008). After a cascade of downstream signaling pathways caused by Musk 
activation, the assembly of actin-rich cytoskeletal scaffold is formed on the 
synaptic membrane and pre-existing AChRs moving freely on the muscle 
surface membrane are trapped at the cytoskeletal scaffold directed by rapsyn, 
a 43kDa cytoplasmic protein that binds to AChRs in a 1:1 stoichiometry (See 
Fig. 2) (Chen et al., 2007; Ramarao et al., 2001). In addition to the 
diffusion-mediated trapping mechanism, pre-existing AChRs in the 
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spontaneous clusters which is relatively away from the synaptic sites can be 
redistributed by ADF/Cofilin through dynamic actin turnover as well (Lee et 
al., 2009). Meanwhile, the expression of AChR subunits is elevated in 
subsynaptic nuclei and the transcription of AChR subunit genes is suppressed in 
non-synaptic nuclei, which provides the constant insertion of newly synthesized 
AChRs into synaptic regions (Sanes and Lichtman, 2001).  
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Fig. 2 Agrin/MuSK signaling for AChR clustering at the postsynaptic 
membrane of the NMJ. 
During the formation of NMJs, neuronal agrin binds and activates Musk 
through the transmembrane protein Lrp4, which promotes F-actin 
polymerization to form a cytoskeletal scaffold at the synaptic site. Individual 
AChRs on muscle membrane are delivered and anchored to the F-actin 
scaffold with the help of rapsyn, which leads to the high-density of AChRs at 




1.3 The Model System Used in This Study 
Xenopus laevis (referred as Xenopus thenceforth) belongs to the species of 
South African clawed toad in the Pipidae family. The length of a female 
Xenopus can reach to 13cm, while the male is about 20% smaller. A large 
number of eggs can be easily obtained from female Xenopus injected with 
human chorionic gonadotrophin and the diameter of more than 1mm makes 
these oocytes convenient for observation and manipulation. Apart from this, the 
genetic composition of fertilized embryos can be easily modulated via 
microinjection technology. Due to their powerful experimental tractability, 
Xenopus embryos and eggs have become widely-used model systems for a 
variety of biological researches, especially in the field of vertebrate 
development.  
In this study, spinal cord neurons and muscle cells were isolated from the 
dorsal part of Stage-22 Xenopus embryos. Pre-patterned AChR clusters can 
form in pure muscle cultures and functional NMJs can also form when muscle 
cells are co-cultured with spinal neurons (Anderson and Cohen, 1977; Harrison 
et al., 1907). These cells grow fast and are able to be maintained in room 
temperature for as long as two weeks. All these have offered the Xenopus 
culture as a highly robust system for studying the development of NMJs. 
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1.4 Involvement of Podosomes in Remodeling the 
Postsynaptic Specialization. 
    Podosomes were first used to describe foot-like adhesion sites localized 
in the ventral plasma membranes of Rous sarcoma virus (RSV)-transformed 
fibroblasts (David-Pfeuty and Singer, 1980; Tarone et al., 1985). Afterwards, 
they were discovered in many other cell types, including endothelial cells, 
dendritic cells, osteoclasts, macrophages and smooth muscle cells (SMCs) 
(Burgstaller and Gimona, 2004; Burns et al., 2001; Calle et al., 2006; Destaing 
et al., 2003; Linder et al., 1999; Moreau et al., 2003). The diameter of 
individual podosomes is usually around 0.5-1 µm, but they assemble and form 
structures of various shapes in different cell types. For example, macrophages 
form hundreds of individual podosomes (0.2-0.5 µm in size) at the leading 
edge of lamellipodia (Condeelis and Pollard, 2006; Evans et al., 2003; Evans 
and Matsudaira, 2006). In osteoclasts, typical belt structure-like podosomes (2 
µm in size) appear at the cell periphery(Chabadel et al., 2007).  
    Podosomes are highly dynamic actin-rich organelles. The core region is 
composed of F-actin and actin-associated proteins, including Arp2/3 complex, 
cortactin and Wiskott-Aldrich Syndrome proteins (WASP) and surrounded by 
a ring of adhesion-plaque molecules, including talin, paxilin and vinculin (Fig. 
3) (Linder et al., 2011; Murphy and Courtneidge, 2011). Podosomes are 
usually formed at the ventral, substrate-contacting side in cultured cells to 
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enhance cellular adhesion. Meanwhile, podosomes can lyse ECM 
(extracellular matrix) materials for the assistance of cell invasion and 
migration (Buccione et al., 2004).  
    Integrins act as the anchorage of cells, which connect focal adhesions 
with ECM. The extracellular domain of integrin binds with extracellular 
proteins such as fibronectin (Huveneers et al., 2008), laminin (Teti et al., 
1999) and collagen (Grimaldi et al., 2006), which results in the assembly of 
the actin cytoskeleton facilitated with integrin-adaptor proteins such as talin, 
paxillin and vinculin (Fig. 4) (Srichai and Zent, 2010). Besides, integrins were 
also reported for the docking of ECM-degrading enzymes (Linder, 2009). In 
addition to integrins, CD44, a hyaluronic acid receptor, is another cell surface 
receptor which is involved in the formation of podosomes in osteoclasts 
(Chabadel et al., 2007). 
    Interestingly, organelles with numerous similarities to podosomes were 
found in the perforations of AChR clusters in aneurally cultured myotubes on 
laminin-coated surfaces and proposed to play a role in shaping AChR clusters 
from the “plaque” into pretzel-like structures, which resembled the topological 
remodeling of postsynaptic machinery at the NMJs (Fig. 5) (Kummer et al., 
2004). These observations imply that muscles provide an intrinsic mechanism 
underlying postsynaptic remodeling.
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Fig. 3 Structure of a single podosome 
A single podosome has two distinct substructures: a core containing 
F-actin and a ring structure containing adhesion plaque proteins (e.g. paxillin, 
talin and vinculin). Matrix receptors in the plasma membrane, such as integrin 
or CD44, assist to establish the contact between the actin cytoskeleton and the 
ECM. The actin filaments in the central region are nucleated via 
WASP/N-WASP and Arp2/3 complex and are branched to each other via 
cortactin and fimbrin. Matrix-lytic enzymes, such as matrix metalloproteinases 
(MMPs), are recruited by podosomes for degrading ECM machineries. (The 




Fig. 4 Interactions of integrins with the ECM on actin dynamics. 
The linkage between the integrin receptors and ECM proteins, such as 
fibronectin, collagen and laminin, leads to the formation of a tight focal 
adhesion complex which stimulates local actin polymerization. At the same 
time, reactive oxygen species (ROS) is also produced for the disassembly of 
the actomyosin complex. The actin dynamics regulated by integrins is 
essential for cell adhesion and migration. (The figure is adapted from Srichai 





Fig. 5 Developmental remodeling of postsynaptic specialization in vivo 
and in vitro.  
The morphology transition of AChR clusters at the NMJ (in vivo) is showed in 
the top panels and that in laminin-cultured C2C12 myotubes (in vitro) are showed in 
the bottom panels. AChRs are initially aggregated into plaque-shape clusters which 
subsequently become perforated and finally transform into a pretzel-like structure. 
AChRs in the muscle cells were labeled with rhodamine-conjugated α-bungarotoxin 
(Rh-BTX). Postnatal ages are indicated in vivo panels. Days after differentiation are 




1.5 Thesis Objectives 
    Chemical synapses are representative units for neuronal circuitry in the 
vertebrate nervous system which serve a broad spectrum of nervous system 
functions (Cohen-Cory, 2002; Goda and Davis, 2003). A specialized feature of 
chemical synapses during synaptogenesis is the deposits of neurotransmitter 
receptor-rich postsynaptic apparatus opposite to nerve terminals, which are 
closely associated with an effective signal pass between pre- and post-synaptic 
ends (Sanes and Lichtman, 1999).  
At NMJs, the best studied synapses, the nerve terminal secretes agrin to 
induce AChR clustering (Kim et al., 2008; Lin et al., 2001; Moransard et al., 
2003; Okada et al., 2006). However, for both in vivo and in vitro cultures, 
spontaneous AChR aggregates start forming before the approach of nerves 
(Creazzo and Sohal, 1983; Harris, 1981). Besides, structures sharing numerous 
similarities to typical podosomes are present in the perforations of aneural 
AChR clusters in cultured myotubes during their dynamic remodeling from 
plaques to branched arrays, which is identical to the occurrence in NMJs in 
vivo (Proszynski et al., 2009). At present, the role of aneural AChR clusters in 
synapse formation and mechanisms underlying muscle-intrinsic postsynaptic 
differentiation has remained rudimentary. 
Therefore, the specific aims of my project are: 
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1. To determine the requirement of aneural AChR clusters for the 
formation and maturation of nerve-induced AChR clusters. 
2. To study the dynamic re-distribution of AChRs from aneural to synaptic 
clusters upon synaptic induction. (clustered versus diffused AChRs) 
3. To examine the molecular mechanisms underlying the formation of 
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2.1 Materials 
Xenopus cell culture preparation 
Aminobenzoic acid ethyl ester Sigma 
Human chorionic gonadotrophin Sigma 
Xenopus laevis Nasco 
Collagenase Sigma 
Entactin, collagen IV and laminin (ECL) EMD Milipore 
Fetal bovine serum (FBS) Life Technologies 
Penicillin-Streptomycin Life Technologies 
Gentamicin sulfate Sigma 
Hypodermic needles, 27G Terumo 
Leibovitz's L-15 medium Sigma 
Olympus SZ61 stereomicroscope Olympus 
Microscope glass coverslip, 12 mm Fisher Scientific 
Thimerosal powder Sigma 
 
PDMS Stamping 
184 Silicone Elastomer Kit SYLGARD 
Silicon wafer master  Mechanobiology Institute (NUS) 
Vacuum dessicator Fisher Scientific 
 
ECM substrates 
FITC-laminin  Cytoskeleton 
FITC-fibronectin  Cytoskeleton 
FITC-Collagen  Sigma 






Fluorescent dyes and Antibodies 
Rhodamine-conjugated a-bungarotoxin 
(Rh-BTX) Life Technologies 
Alexa Fluor 488-conjugated α-bungarotoxin 
(488-BTX) or (FITC-BTX)  
Invitrogen 
Mouse anti-vinculin Developmental Studies   
Hybridoma Bank 
Mouse anti-talin  Sigma 
Rabbit anti- p-AchRβ1  Santa Cruz 
All secondary antibodies Life Technologies 
 
Microscopy 
ORCA D2 CCD camera Hamamatsu 
Micro-Manager  µManager 
Olympus IX83 inverted microscope Olympus 
Olympus Lv1000 confocal microscope Olympus 
 
Simulation and Analysis 
ImageJ software National Institues of Health 
GraphPad Prism 6 GraphPad Software 
Statistical Product and Service Solutions  
(SPSS) 
IBM 
Fluoview viewer software  Olympus 
 
Others 
Bovine serum albumin (BSA) Sigma 
Triton X-100 Sigma 
16% paraformaldehyde (PFA) Sigma 










































Thimerosal powder  0.02g	
10% Holtfreter’s solution 1L	
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2.3 Xenopus Primary Culture 
 Xenopus embryos at stage 20-22 (Nieuwkoop and Faber, 1956) were 
selected for the dissection with the aid of an Olympus SZ61 stereomicroscope 
using 5-45X magnification. After disinfected in 70% ethanol, the jelly coat 
and vitelline membrane of each embryo were removed using needles in 10% 
Holtfreter’s solution. The dorsal region was dissected in Steinberg’s solution 
and then treated with 1 mg/ml of collagenase for 15 min. Myotomes and 
spinal neurons were then dissociated in Steinberg’s solution and plated on 
glass coverslips coated with 20 ug/ml ECL after treated with CMF solution for 
30 mins. The muscle cell cultures were kept in culture medium at room 
temperature for at least 1day for the development of aneural AChR clusters. 
To make nerve-muscle co-cultures, dissociated spinal neurons were plated on 
2-day old muscle cultures to induce synaptic AChR clusters. (See Fig. 6)
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Fig. 6 Xenopus primary cultures 
(A) Life cycle of Xenopus. After ~30-hour post-fertilization at room 
temperature, embryos at stage 22 were used for dissection. 
(B) Neural tubes (NT) and somites (S) were isolated and cultured separately or 







2.4 PDMS Stamping 
    To prepare 50 g PDMS polymer, curing agent solution was mixed 
thoroughly and placed in a vacuum desiccator to remove air bubbles (< 25 
mmHg). The degassed PDMS mixture was poured onto the patterned silicon 
wafer master (Square 10 X10 µm; Gap 10 µm) and cured at room temperature 
for 2 days. After carefully peeled from the surface of the wafer master, PDMS 
patterned by master was cut into stamps to the desired size.  
  PDMS stamps were coated with a solution of 20 µg/ml of FITC-laminin 
in CMF-PBS and incubated for at least 2 hours at 37℃. The stamps were dried 
by placing below the air flow in the biosafety cabinet (BSC) after rinsing once 
with CMF-PBS. Glass coverslips were transferred onto the stamps and pressed 
lightly for 3-5 seconds using sterile forceps. After stamping, the coverslips 
were transferred into the petri dish containing 2 ml culture medium with the 
stamped side facing upwards.  
  PDMS stamping of 20 µg/ml FITC-PLL in MilliQ water, 20 µg/ml 
FITC-fibronectin in CMF-PBS and 20 µg/ml FITC-Collagen in CMF-PBS 




2.5 Immunostaining & Cell Fixation 
    In some experiments, Xenopus cells were fixed with -20℃ cold ethanol 
for 5 min or 4% PFA for 15 min and washed with PBS for 3 times. 
Nonspecific binding was blocked with 2% BSA in PBS for at least 1 h. Cells 
fixed with 4% PFA were permeabilized with 0.1% Triton X-100 for 15 min 
before overnight incubation with primary antibodies at 4℃. For 
immunostaining of p-AchRβ1, cells were not treated with 0.1% Triton after 
fixation for the staining of surface AChRs. AChRs were labeled with Rh-BTX 
(1 µg/nl) or FITC-BTX (1µg/nl) for 45 min after ethanol fixation.  
  The coverslips plated with Xenopus cells were finally mounted on glass 
slides with an anti-bleaching agent Fluoromount-G for later observation. 
  For live-cell staining, the existing surface AChRs (old) and newly 
inserted AChRs (new) were sequentially labelled with Rh-BTX with 
FITC-BTX (See Fig. 7). 
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Fig. 7 Experimental procedures to identify different pools of AChRs. 
    For sequential labeling of existing (old) and newly inserted (new) synaptic 
AChR clusters in live cultured muscle cells, existing AChRs of 2-day old 
muscle cells were labeled and saturated with Rh-BTX (0.5µg/ml) before plating 
neuron. Newly inserted AChRs were labeled with 488-BTX (1µg/ml) after 









2.6 Low Temperature and Protein Inhibitor Treatment 
    To inhibit the formation of aneural AChR clusters, muscle cells were 
placed at 3 different temperatures (10℃,15℃ and 22℃) immediately after 1 
hour of cell plating. After 2-day incubation, neurons were plated onto these 
muscle cells treated with 3 different temperatures for another 3 days at room 
temperature. Nerve-muscle contacts were observed at two different time 
points after plating neurons (D1 and D3) at the same position. 
    To inhibit the formation of newly-inserted AChR clusters, after neurons 
were plated with 2-day old muscle cells, co-cultured cells were treated with 
Cycloheximide (0.25 uM) bath for 3 days. Nerve-muscle contacts were 
observed at two different time points after plating neurons (D1 and D3) at the 
same position. 
 
2.7 Fluorescence Recovery after Photobleaching (FRAP) 
    To get rid of the fluorescence of aneural AChR clusters, FRAP 
experiments were performed with a laser scanning Olympus Lv1000 confocal 
microscope through the use of fluoview viewer software at room temperature. 
AChRs were acquired with a 20% of the 559 nm laser after Rh-BTX labelling. 
After focusing the cell of interest, the region of aneural AChR clusters was 
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bleached with 6000 ms exposure time with a 100% of the 559 nm laser. 
Ideally 80-90 cells were bleached each time. 
 
2.8 Fluorescence Microscopy 
  All images of live and fixed cells were taken by using Olympus IX83 
inverted fluorescence microscopes. Digital images were captured by an ORCA 
D2 CCD camera through the use of an open source microscopy software 
Micro-Manager (Edelstein et al., 2010) . The settings of all images were kept 
identical to ensure the comparison between control and experimental groups. 
 
2.9 Quantitative Analysis 
  All the quantitative measurements and pseudo-colored threshold images 
were performed on the original 16-bit images using ImageJ software. For the 
accurate comparison of the level of never-induced AChRs, we calculated the 
relative fluorescent intensity based on the formula: Relative Fluorescent 
Intensity = Integrated Fluorescent Intensity / Length of Nerve-Muscle 
Contact. The integrated fluorescent intensity of each contact was measured by 




2.10 Statistical Analysis 
    Data are reported as mean ± s.e.m. To assess the statistical comparison 
between the control and experimental groups, two-tailed Student’s t-test was 
performed by SPSS to obtain p-value. Significance of differences was 





Chapter 3: Results 
 
3.1) The absence of aneural AChR clusters induces the disassembly of 
nerve-induced synaptic AChR clusters. 
3.2) Both diffused and clustered AChRs are involved in neuromuscular 
junction formation. 
3.3) The effect of substrate protein micro-patterns on the formation of 






3.1 The absence of aneural AChR clusters induces the 
disassembly of nerve-induced synaptic AChR clusters. 
    Spontaneous AChR hot spots can form on cultured aneural myotubes. 
Besides, AChR pre-patterning also appears in the end-plate bands in vivo, 
even when motor nerves or motor neurons are ablated (Creazzo and Sohal, 
1983; Harris, 1981). To assess the role of aneural AChR clusters in synaptic 
AChR clustering, we aimed to generate synapses between axons and myotubes 
carrying no or less aneural AChRs. Therefore, we first incubated cultured 
Xenopus muscle cells at low temperatures to inhibit the formation of aneural 
AChRs. Previous studies showed that microtubules network which is required 
for the long-range intracellular transport of AChR vesicles was entirely 
disrupted throughout the cells after the cells were incubated at 4℃ (Lee et al., 
2014). We thereby labeled AChRs in live cells with Rh-BTX and then fixed 
the cells and immunostained α-tubulin. After 4-day culture, in control (22℃), 
we observed one aneural AChR cluster with topologically complex shape in 
the whole muscle cell that was spontaneously formed on the 
laminin-containing substrate (Fig. 8A, inset in 22℃). By contrast, the 
assembly of aneural AChR clusters was effectively curbed in cultured muscle 
cells at 10℃ and 15℃. The network of microtubules was still clear and 
coherent even at 10℃ for 4 days (Fig. 8A). Over 150 muscle cells from 3 
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independent experiments for every single day of each condition were 
quantified. The percentage of muscle cells with AChR clusters slightly 
increased by ~9.50% (10℃) and ~21.50% (15℃) on D2 and remained stable 
hereafter for the 2 low temperature groups, whereas the control (22℃) group 
showed a continuous escalation in the percentage of muscle cells with AChR 
clusters to ~79.50% from D1 to D4 (Fig. 8B).  
 
 
Fig. 8 Dispersal of aneural AChR clusters by low temperature treatment. 
(A) Representative images showing the inhibition of aneural AChR clusters in 
muscle cells by 4-day low temperature treatment. The presence of aneural 
AChRs was detected in the cells incubated at 22℃ (h), but absent at either 
10℃ or 15℃ (b, e). Microtubule network was not perturbed in the cells 
treated with 10℃ or 15℃ (c, f). Inset, the box region was magnified 
threefold.  
(B) Quantification showing the percentage of cultured muscle cells with 
AChR clusters in relation to time after incubated at 10℃ (red), 15℃ 
(green), 22℃ (blue). Data are represented as mean ± s.e.m.; n = 150 from 









Next, we performed time-lapse recordings to investigate the contribution of 
aneural AChRs in synaptic AChR clustering during synapse formation. To this end, 
we cultured neurons dissociated from Xenopus neural tubes together with the muscle 
cells, which had been previously incubated at 3 different temperatures (10℃, 15℃ 
and 22℃) for 2 days. We sequentially labeled the existing AChRs (old) with Rh-BTX 
before plating neurons and newly inserted AChRs (new) with Alexa 488-BTX (Fig. 7) 
after 1 day and 3 days in co-culture. No signal was detected for new AChRs when the 
second labeling occurred immediately after the first (Fig. 9A). In the control (22℃), 
the re-distribution of pre-existing AChRs induced by nerve was quite stable over the 
course of 3 days and the newly inserted AChR clusters became noticeable along the 
nerve-muscle contact on D3 (Fig. 9B, XI-XV, XI’-XV’). However, in the groups of 
which muscle cells were treated with low temperature, we observed a gradual 
disappearance of pre-existing AChR clusters from D1 to D3 and newly inserted 
AChR clusters were hardly detected (Fig. 8B, I-X, I’-X’). Quantification showed a 
dramatic disassembly of pre-existing AChR clusters and a slight increase of newly 
inserted AChR clusters when aneural AChR clusters were inhibited (Fig. 9C). Since 
low temperature may also block the vesicular exocytosis of other proteins in addition 
to AChRs (Candussio et al., 1999; Tsuji, 1984), nerve-muscle co-cultures were 
performed at normal temperature (22℃) after low temperature treatment so that these 
temperature-dependent proteins could recover and not affect synaptic AChR 
clustering.
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Fig. 9 Requirement of the aneural clusters for the assembly of synaptic AChR 
clusters induced by nerve innervation. 
(A) Representative images showing the effects of Rh-BTX on the saturation of 
pre-existing AChRs. 2-day old muscle cells cultured at room temperature were 
labeled with a dose of Rh-BTX (0.5µg/ml) followed by a saturating dose of 
FITC-BTX (1µg/ml). The absence of any labeling of FITC-BTX (even when 
camera exposure was increased significantly) indicated that all pre-existing 
AChRs were saturated by the initial Rh-BTX staining (b, c). The outer edge of 
muscle cells showed in the phase contrast was outlined by white dashed lines in 
the fluorescence images for clarity. 
(B) Representative sets of time-lapse images showing the role of aneural AChR 
clusters on the maintenance of synaptic AChRs. The presence of AChR clusters 
at the same nerve-muscle contact (arrows) was followed on D1 and D3 in the 
Xenopus nerve-muscle co-culture. Pre-existing AChR clusters gradually 
dispersed from the contact and new AChR clusters barely formed from D1 to D3 
in the co-culture of which the muscle cells bore less aneural AChRs after 10℃ 
(I-V, I’-V’) and 15℃ (VI-X, VI’-X’) treatment, while the pre-existing AChR 
clusters were consolidated into larger AChR patches and a significant increase of 
newly-inserted AChR clusters was also observed in 22℃ group (XI-XV, 
XI’-XV’) on D3. To better portray the change in fluorescence intensity of 
 50 
AChRs, 8-bit pseudo-colored images were shown in the bottom panels for each 
condition (II’-V’, VII’-X’, XII’-XV’).  
 
(C) Quantification showing the average integrated intensity of both pre-existing and 
newly-inserted AChRs relative to the length of nerve-muscle contacts in muscle 
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Similar to the aneural AChR clusters, we also performed time-lapse recording to 
investigate the involvement of newly-inserted AChR clusters in pre-existing AChR 
clusters in synapses. We treated co-cultured cells in 0.25 µM cycloheximide bath, a 
protein synthesis inhibitor, immediately after neuron plating to inhibit the formation 
of nerve-induced new AChRs. No signal was detected for new AChRs after 1 day and 
3 days in co-culture, indicating the blockade of new AChRs insertion by 
cycloheximide (Fig. 10, IV, V, IV’, V’). However, both images and quantification did 
not show significant difference in the redistribution of pre-existing AChRs upon 




Fig. 10 Time-lapse imaging showing the involvement of Newly-Inserted AChR 
clusters in synaptic formation.  
(A) Representative sets of time-lapse images showing synaptic formation in response 
to the inhibition of newly-inserted AChR clusters. The presence of AChR clusters 
at the same nerve-muscle contact (arrows) was followed on D1 and D3 in 
Xenopus nerve-muscle co-culture. The insertion of new AChRs was not impeded 
in the presence of DMSO (IX-X, IX’-X’) and culture medium (XIV-XV, 
XIV’-XV’) but completely abolished in the presence of 0.25µM cycloheximide 
(IV-V,IV’-V’). However, the aggregation of pre-existing AChR clusters in 
cycloheximide group (II-III, II’-III’) remained as stable as in DMSO (VII-VIII, 
VII’-VIII’) and control (XII-XIII, XII’-XIII’) groups throughout the entire 
imaging period. To clearly portray the change in fluorescence intensity of 
AChRs, 8-bit pseudo-colored images were shown in the bottom panels for each 
condition (II’-V’, VII’-X’, XII’-XV’).  
 
(B) Quantification showing the average integrated intensity of both pre-existing and 










3.2 Both diffused and clustered AChRs are involved in 
neuromuscular junction formation. 
The redistribution of AChRs in the plane of membrane from the 
extrasynaptic to the synaptic pool is one of distinct mechanisms in postsynaptic 
differentiation. However, it is still unknown whether the redistribution of 
pre-existing AChRs caused by nerve innervation occurs due to the 
redistributing of clustered AChRs or the trapping of diffused AChRs near 
synaptic areas. Previous studies showed that nerve-induced AChR clustering on 
the postsynaptic membrane is accompanied by the dispersal of spontaneous 
AChR clusters both in vivo and in vitro (Anderson and Cohen, 1977; Lee et al., 
2009; Lin et al., 2001). It seems that these missing AChRs might be transmitted 
to the site of contact, but degradation of extrasynaptic AChRs with synaptic 
development might also lead to the vanishing of AChR clusters.  
To determine the different role of clustered AChRs and diffused AChRs 
which are already present on muscle cells before synaptic contacts are made, we 
first locally exposed spontaneous AChR clusters to a strong pulse of laser. The 
laser resulted in the Rh-BTX fluorescence to fade completely, demonstrating 
the effect of photo-bleaching (Fig. 11A). Nerve-muscle contacts, which formed 
in these muscle cells where their aneural AChR clusters were photobleached, 
were monitored after 2-day co-culture. To recover the fluorescence of clustered 
AChRs, we then fixed the cells and immunostained the total AChRs on the 
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surface membrane with p-AChRβ1. Diffused AChR labelled by Rh-BTX were 
found to aggregate in the internal area of synaptic AChRs, while clustered 
AChRs represented by the non-overlapping part of p-AChRβ1 were observed in 
the external area (Fig. 11B, d-g). By contrast, in the control group without prior 
photobleaching treatment, the signal of Rh-BTX highly overlapped with that of 
p-AChRβ1, suggesting the successful fluorescence recovery (Fig. 11B, h-k). 
Quantification showed the size of diffused AChRs normalized against total 
AChR decreased by ~30% after aneural AChR clusters were photobleached 
(Fig. 11C). 
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Fig. 11 Involvement of diffused and clustered AChRs in the muscle membrane in 
the synaptic AChR cluster formation.  
 
(A) Representative images showing the effects of photobleaching on aneural AChR 
clusters. A marked decrease in Rh-BTX fluorescence intensity at a region (white 
circle) containing a whole aneural AChR cluster (b) after photobleaching (c). 
Asterisks represent the non-specific auto-fluorescence signals caused by yolk 
granules inside the cell.  
 
(B) Representative images showing the distribution of diffused and clustered AChRs 
at nerve-muscle contacts revealed by differential double labeling. Synaptic AChR 
clustering (arrowheads, d-g) formed in the previously bleached muscle cell (A). 
Diffused AChRs labeled by Rh-BTX (red, e) before photobleaching aggregated 
along the nerve-contacted trails. Meanwhile, total AChRs on cell surface were 
detected by immunostaining of p-AChRβ1 (green, f). Larger area of p-AChRβ1 
labeled AChRs (green) which was not overlaid with Rh-BTX labeled AChRs 
(red) was observed in the bleach group (e-g), compared with the control group 
without photobleaching (i-k). Arrows indicate the nerve-muscle contact which 
formed in non-bleached muscle cell in control.  
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(C) Quantification showing the ratio (R/G) of the area of Rh-BTX labeled AChRs (R) 
and the area of p-AChRβ1 labeled AChRs (G). Data are represented as mean ± 











3.3 The effect of substrate protein micro-patterns on the 
formation of aneural AChR clusters and synaptic AChR 
clusters. 
    Laminin-coated surfaces were found to promote the transition of AChR 
clusters from plaques to branched structures in C2C12 myotubes in the absence 
of innervation (Kummer et al., 2004; Kummer et al., 2006). Besides, laminin α5 
secreted by myotubes and laminin 1 coated on slide surface were removed from 
beneath AChR perforations (Proszynski et al., 2009). These data raised the 
possibility that ECM might have a critical role in the pretzel formation of 
aneural AChR clusters. To investigate this, we examined the localization of 
aneural AChR clusters on ECM substrate micro-patterns obtained by PDMS 
stamping. The width of the micro-squares (10 µm) are smaller than the size of 
myotubes (~ 15 µm), making the test feasible and sensitive (Fig. 12A). As the 
ability to induce branched aggregates is not unique to laminin (Kummer et al., 
2004) and integrins act as ECM receptors for the formation of a tight focal 
adhesion complex (Srichai and Zent, 2010), we examined 4 substrates, 
including integrin-binding proteins laminin, fibronectin, collagen and 
non-integrin-dependent protein poly-l-lysine (PLL). We found that aneural 
AChR clusters formed inside micro-patterns of laminin, collagen and 
fibronectin, while AChR clusters did not overlap with PLL micro-patterns (Fig. 
12B). Interestingly, branched complex structures were observed when 
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myotubes were cultured on laminin, fibronectin and collagen micro-patterns, 
but those clusters induced by PLL micro-patterns did not show the topological 
features (Fig. 12B). Consistently, quantification showed that above 70% 
aneural AChR clusters formed inside micro-patterns of laminin, fibronectin and 
collagen. By contrast, no more than 50% AChR clusters formed inside PLL 
micro-patterns (Fig. 12C). To rule out the possibility that micro-pattern coating 
intervened the morphology and quantification of aneural AChRs on the 4 
substrate proteins, we cultured muscle cells on the coverslips which were 
entirely coated with protein substrates. Although PLL still did not lead to the 
formation of branches in aneural AChR clusters (Fig. 13A), no significant 
difference exists in the percentage of muscle cells with AChR clusters among 
these substrates (Fig. 13B). In addition, since podosomes were found to 
participate in remodeling AChR aggregates (Proszynski et al., 2009), we also 
investigated on the distribution of podosomes components corresponding to 
micro-patterns of laminin and PLL. At higher magnifications, a thin ring of talin 
and vinculin was detected in the internal edges of perforations in the AChR 
clusters inside laminin micro-patterns (Fig. 13D, e), consistent with previous 
study in C2C12 myotubes (Proszynski et al., 2009). By contrast, the 
immunoreactivity was not specific in AChR clusters even formed inside PLL 
micro-patterns (Fig. 13D, f). Together, these data demonstrated that the 
formation of aneural AChR clusters related to podosomes showed preference to 
integrin-binding ECM proteins. 
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Similar to the muscle cells, we also performed nerve-muscle co-culture on 
the micro-patterns of the 4 substrates to examine the association of ECM with 
synaptic AChR clustering. Synaptic AChRs were detected only when the 
nerve-muscle contacts formed inside the micro-patterns of substrates (Fig. 
14A), supported by the quantification showing that the percentage of 
nerve-muscle contacts with AChR clusters significantly reduced to ~10% if the 
contacts formed outside micro-patterns, whereas the percentage reached to 
~90% if the contacts formed inside micro-patterns (Fig. 14B). 
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Fig. 12 Podosomes-associated formation of aneural AChR clusters induced by 
substrate protein micro-patterns.  
(A) A conceptual schematic on the growth of Xenopus muscle cells on established 
substrate micro-patterns by using PDMS stamping. The substrate protein (e.g. 
FITC-Laminin) patterned squares (Green) of 10 µm width are separated by gaps 
(White) of 10 µm width.  
 
(B) Representative images showing the response of aneural AChR clustering to 4 
different substrate protein micro-patterns. Xenopus myotubes cultured on 
FITC-conjugated substrate protein micro-patterns (green) were labeled with 
Rh-BTX (red). The presence of aneural AChRs was detected inside 
micro-patterns of laminin (a), fibronectin (c) and collagen (d) but not inside 
micro-patterns of PLL (b). The outer edge of muscle cells showed in the phase 
contrast was outlined by white dashed lines in the fluorescence images for clarity. 
 
(C) Quantification showing the percentage of spontaneous AChR clusters formed 
inside different substrate protein micro-patterns. Data are represented as mean ± 
s.e.m.; n = 120 from 3 independent experiments in each condition.  
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(D) Representative images showing the localization of synaptic podosomes 
components, talin and vinculin, in aneural AChR clusters induced by laminin and 
PLL micro-patterns. Xenopus myotubes cultured on micro-patterns conjugated 
with FITC (green) were labeled with Rh-BTX (red) and antibodies to indicate 
talin (blue) and vinculin (blue). The arrows indicate talin and vinculin 
accumulated around the internal edges of perforations in AChR clusters inside 
laminin micro-patterns (e) whereas no specific distribution of talin and vinculin 
was observed in AChR clusters inside PLL micro-patterns (f). Twofold 

















Fig. 13 Formation of aneural AChR clusters on different substrate.  
 
(A) Representative images showing the effects of 5 substrates on the maintenance of 
aneural AChR clusters in cultured Xenopus muscle cells. Pretzel shaped aneural 
AChR clusters could form on ECL, laminin, fibronectin and collagen except 
PLL.   
 
(B) Quantification showing the percentage of cultured muscle cells with AChR 
clusters in response to 5 substrates. Data are represented as mean ± s.e.m.; n = 









Fig. 14 Formation and maintenance of synaptic AChR clusters on 
laminin micro-patterns. 
 
(A) Representative images showing the response of synaptic AChR clustering to 4 
different substrate protein micro-patterns. The presence of synaptic AChR clusters 
(arrows, a, c, e, g) was detected by Rh-BTX labeling at nerve-muscle contacts inside 
micro-patterns of all 4 substrates, but not at contacts outside micro-patterns 
(arrowheads, b, d, f, h). 
 
(B) Quantification showing the percentage of nerve-muscle contacts (inside and 
outside micro-patterns) with AChR clusters of 4 substrates. The presence of synaptic 
AChR clusters in cultured muscle cells was scored after 1- and 3-day co-culture. Data 









Chapter 4: Discussion 
 
The formation of aneural AChR clusters in the absence of nerve innervation 
represents a prominent postsynaptic event in the development of NMJs. In HB9 
mutant embryos (E12.5 – E18.5) of which the motor neuron differentiated properties 
were disrupted, AChRs still could be accumulated in the central region of myotubes 
(Lin et al., 2001). However, the contribution of aneural AChR aggregates to 
synaptogenesis is not well understood. We found that aneural AChR clusters is 
required for a constant and robust synaptic AChR clustering at developing NMJ (Fig. 
9). In previous study, normal adult axons were transplanted with muscles lacking 
MuSK or rapsyn (Nguyen et al., 2000). Since MuSK and rapsyn are indispensable to 
postsynaptic differentiation, these mutant muscles were not able to form aneural 
AChR clusters. Their results are similar to ours that axons failed to form synapses 
with these muscles without aneural AChR clusters (DeChiara et al., 1996; Sanes and 
Lichtman, 2001). Together, there is a reason to believe that signals for synaptic 
formation provided by postsynaptic cells might be blocked due to the suppression of 
aneural AChR aggregates. Furthermore, we found a direct evidence demonstrating the 
involvement of aneural clustered AChRs in the assembly of synaptic AChR clusters at 
nerve-muscle contacts. The delivery of AChRs from the spontaneous clusters to the 
postsynaptic sites might be directed by ADF/Cofilin through dynamic actin turnover 
(Lee et al., 2009). Interestingly, most diffused AChRs were located in the center of 
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AChR clusters, which are surrounded with clustered AChRs. The particular 
distribution implied the differential role of clustered and diffused AChRs for NMJ 
formation. One likely scenario is that diffused AChRs nearby are passively trapped 
first once neurons arrive for the quick receptor clustering to stabilize the dock of 
presynaptic nerve terminals. With the release of neurotransmitters, clustered AChRs 
located far away are transported to the contact to assist the maturation and 
maintenance of synapse (Camus et al., 1998; Geng et al., 2009; Peng et al., 1989).  
  On laminin-coated substrates, an elaborate branched AChR-rich structure 
formed in C2C12 myotubes. The shape of the structure precisely mirrored the nerve 
terminal branches in vivo (Kummer et al., 2004), which led to the idea that muscle 
has an intrinsic program for the development of the postsynaptic machinery. 
Organelles sharing similar composition and structure of podosomes were found 
within the perforations of aneural AChR clusters and thought to play a role in the 
formation of perforations through the degradation of ECM (Linder et al., 2011; 
Murphy and Courtneidge, 2011; Proszynski et al., 2009). Podosomes components, 
including talin, vinculin and paxillin, are required for the integrin outside-in signaling 
activated by ECM, which are capable to promote the assembly of actin cytoskeleton 
for a wide spectrum of biological and cellular functions including cell adhesion, 
differentiation and migration (Hynes, 2002; Plow et al., 2000; Schwartz et al., 1995). 
In our assay, we found that aneural AChR clusters with mature complex structure 
preferably formed inside micro-patterns of integrin-binding substrates, laminin, 
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fibronectin and collagen (Srichai and Zent, 2010). By contrast, 
non-integrin-dependent adhesion matrix PLL could only induce ovoid postsynaptic 
plaques that showed no preference to micro-patterns (Garcia-Velasco and Arici, 
1999). This may also explain the failure in detecting the specific distribution of 
podosomes components, talin and vinculin in AChR clusters formed on PLL (Fig. 
12). These data suggest that integrin might serve as the linkage between podosomes 
and ECM in postsynaptic maturation. Both podosomes and integrin are reported to 
have important function in ECM remodeling (Larsen et al., 2006; Linder et al., 2011; 
Sameni et al., 2008). However, we failed to observe the loss of ECM under AChR 
cluster perforations. One explanation is that the layer of substrates micro-patterns that 
we manually printed through PDMS stamp is thicker than traditional methods. Hence, 
podosome-associated protenase are unable to exhaust the ECM beneath muscle cells. 
Another explanation is that these ECM substrates conjugated with FITC could still 
remain attached on the glass coverslips even after protease activity in Xenopus muscle 
cells. 
It has been recently realized that ECM molecules engage in modulating synaptic 
efficacy together with their cell surface receptors (Bukalo et al., 2001; Lauri et al., 
1998; Nakagami et al., 2000; Saghatelyan et al., 2000; Wright et al., 2002). Integrin is 
assumed to contribute to the stability of NMJ by regulating the turnover of actin 
filaments through podosomes components (Bezakova and Ruegg, 2003; Turner et al., 
1999). Similarly, we found that synaptic AChR clustering hardly took place at the 
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sites of nerve-muscle contacts formed outside substrates micro-patterns, indicating the 
crucial function of extracellular environment in the stabilization of synaptic structure. 
On the other hand, we could not find the preference of NMJ formation between 
integrin-dependent and non-integrin-dependent substrates, which is different from the 
formation of aneural AChR clusters (Fig. 14). This might be because that ECM also 
plays a role in synaptic remolding, which could not be revealed by only quantifying 
the percentage of nerve-muscle contacts with AChR clusters. However, we could not 
clarify this assumption because our model system has limitation to monitor the 
developmental morphology of postsynaptic machinery at NMJs. 
In conclusion, our study has enhanced the understanding of postsynaptic 
differentiation functionally and molecularly. Our findings indicate that aneural AChR 
clusters are involved to ensure an effective connection between nerve terminal and 
myotubes. Postsynaptic machinery is orchestrated by a podosomes-mediated ECM 
degradation activated by integrin outside-in signaling. ECM is also important in 
synaptic AChR trafficking during synapse assembly. A further understanding of the 
exact functions and mechanisms of postsynaptic differentiation would significantly 
advance our knowledge on the synaptogenesis and provide strategies to neurological 
diseases caused by synaptic dysfunction.  
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Chapter 5: Limitations and Future Studies 
 
5.1 Limitations of the Study  
There are a few limitations to this work. 
1. Low temperature assay. Although the co-culture was performed at 
room temperature for 3 days after low temperature treatment, some proteins 
related to the formation of synaptic AChR clusters might still be damaged by 
low temperature, which finally lowered the accuracy of the data. Apart from 
low temperature, other methods that can inhibit the formation of aneural 
AChR clusters in muscle cells should also be tried, such as protein synthesis 
inhibitors or exocytosis inhibitors.  
2. Cell type. Although Xenopus and humans share extensive synteny at the 
level of the genomes and have many similarities in organ development, 
anatomy, and physiology, the genomes difference between Xenopus and 
humans (90%) is larger than between mice and humans (97%) (Wheeler and 
Brändli, 2009). Thus, besides cells derived from Xenopus, these assays might 
need to be done by using C2C12 cells, a mouse myoblast cell line. 
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3. PDMS stamping. Micro-contact printing is a technique that a protein 
on a PDMS stamp with a target pattern is transferred to the surface for cell 
culture. In my study, the shape and thickness of the patterns were not stable 
because this process was manually operated. Previous studies showed that 
PDMS stamp was easily deformed by the stamping force which was difficult 
to control by hand (Tanaka et al., 2014). Therefore, ECM patterning by an 
automated device is highly recommended. 
 
5.2 Future Studies 
The function of postsynaptic machinery in synaptic formation and the 
mechanism for their remodeling have been investigated only recently, and 
they have been the two main themes of my thesis work. The results I have 
presented can be extended in several directions for further investigation. How 
postsynaptic cells send signals to synaptic sites to support the development of 
NMJs and what kinds of signals they are can be identified further. Previous 
studies showed that AChR failed to form but more axonal branches were 
detected in MuSK -/- mice, which aroused the curiosity whether postsynaptic 
cells could secrete factors that affected axonal outgrowth (Lin et al., 2001). 
Therefore, screening the factors secreted by muscles that are involved in the 
axonal development and growth may be helpful in understanding the role of 
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postsynaptic cells in NMJ formation. In addition, the dynamic movement of 
aneural clustered and diffused AChRs for neuromuscular junction formation 
remains to be investigated. 
For the mechanism part, we are now beginning to know that NMJ 
remodeling is a much more complex process which is controlled not only by 
axon terminals, but also by muscle-intrinsic mechanism. Integrins might be 
important in this signaling process based on the observations from the 
different ECMs. To further determine the role of integrins in the NMJ 
remodeling, the formation of aneural AChR clusters can be tested in cultured 
myotubes derived from Xenopus with an overexpression of integrins at a high 
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